The work hardening mechanism and deformation behaviour of Hadfield steel crossing during explosion deformation were investigated by means of its ability to memorize the history of deformation and stress. The results show that the explosive stress causes little macroscopic distortion of the surface of the Hadfield steel crossing but higher work hardening degree, revealing an additional work hardening ability to compare with static deformation. Under the explosive deformation, the high strain rate results in much less strain threshold for inducing twin formation in Hadfield steel than that under static compression. During the explosive deformation, slipping and twinning are simultaneously operated in a competitive way. It is therefore concluded that the deformation twins are responsible for the additional work hardening of the Hadfield steel crossing subjected to the explosive treatment.
Introduction
High speed plastic deformation occurs in the surface layer of metal under the high pressure provided by the detonation of explosive attached to the surface of the metal. Pre-hardening of metals is an important application of explosive treatment which obviously increases the hardness of metals. Norman first reported that the surface hardness of Hadfield steel increased significantly after explosive treatment in 1955 and obtained a patent. 1) Then researchers in many countries, such as England, the Czech Republic, the Soviet Union, Japan, and China, entered this research field and obtained many patents. [2] [3] [4] Hadfield steel demonstrates an unusually high rate of work hardening which, together with good toughness, leads to its widespread use in railway crossing and other severe mechanical environments. Numerous investigations have been carried out to understand the unusually high work hardening of Hadfield steel. The conventional work hardening mechanism of Hadfield steel involves mainly dislocation, twinning as well as dynamic strain aging, etc. 5, 6) Recent studies found that under normal strain rate and the true strain above ~0.15, the high work hardening rate of the Hadfield steel is attributed mainly to mechanical twinning, which contributes about twice the effect of that from dislocation accumulation. 7) However, researches have shown that the work hardening mechanism of Hadfield steel under very high strain rate such as explosive deformation mainly consists of twin and dislocation hardenings. 8) The dislocations introduced in metals by plastic deformation exhibit a characteristic distribution that depends on the deformation speed. Dislocations show heterogeneous distribution for low speed and homogeneous distribution for explosive-hardened samples. However, there is no significant difference between the twins produced by explosive hardening and by low speed deformation from the point of view of crystallography and metallography. 9) Adiabatic shear deformation was usually observed in the materials that undergo high strain rate deformation such as explosion. The appearance of adiabatic shear deformation is characteristic of the failure of the materials. Furthermore, the constitutive relation of the material in dynamic deformation is more complex than that in static deformation. 10, 11) Although the explosion hardening technique has been widely applied to pre-harden Hadfield steel railway crossings, the work hardening mechanism and deformation behavior in this process have not been clarified yet. The aim of the present study is to investigate the work hardening mechanism of Hadfield steel during explosive hardening.
Experimental Procedures
Hadfield steel crossing with a composition (wt.%) of 1.21C-12.3Mn-0.51Si-0.028P-0.025 S-balance Fe was used in this work. The crossing was austenitized by solution treatment at 1 050°C for 3 h followed by water quenching. The self-made plastic explosive, which consisted mainly of hexogen (RDX), was spread on the polished surface of the crossing with a thickness of 3 mm before detonating. The detonation velocity of the plastic explosive was 7 600 m/s. The samples which cut from the Hadfield steel crossing were exploded twice using this explosive in this study. For comparison with static compression deformation, Hadfield steel was compressed at a strain rate of 3×10 -4 s -1 for different deformation. The hardness of the samples was measured by a TH320 Rockwell Hardness Tester. Metallographic examinations were completed by optical microscopy (OM) after polishing the samples in colloidal silica and then etching them using a solution containing 4% HNO3 and 96% C2H5OH. Microstructural examination was further performed with a JEM-2010 transmission electron microscope (TEM). The foils for TEM were thinned down to a thickness of approximately 30 μm using SiC paper and then thinned by Gatan precision ion polishing systems.
Results and Discussion
For the percent explosive, during explosive hardening the maximum pressure and strain rate exerted by the explosion were estimated to be in the range of 5-10 GPa and 10 12) It is interesting that the Hadfield steel sample only exhibited a small plastic deformation under such a high pressure and strain rate, the sinkage in the direction vertical to the surface was only ~1.62 mm, as shown in Fig. 1 .
The hardness distribution of explosively hardened Hadfield steel is shown in Fig. 2 . It can be seen that the significant work hardening effect exists in subsurface layer, and the degree of the work hardening in the surface layer is not a linear decrease, but declined in two segments with the depth increasing. A hardened layer 35 mm in depth with a maximum surface hardness of ~39 HRC and a gradual decrease in hardness from the surface to the matrix was observed in the sample. A transition zone was clearly observed in the hardened layer at a depth of 10 mm. The hardness decreased rapidly from 39 to 28 HRC as the depth increased from 0 to 10 mm, exhibiting a character of intense strain hardening, and then the hardness decreased slowly to 18 HRC with a further increase in the depth to approximately 35 mm. Two factors may contribute to this. First, the duration of the high pressure is extremely short during explosive hardening. Second, the deformation resistance increases significantly with increasing strain rate when the latter is higher than 10 2 -10 3 1/s. 13, 14) This trend was similar to the strain hardening character of Hadfield steel subjected to grinding abrasion, mechanical impact, and rolling contact deformation. [15] [16] [17] To get the deformation degree from surface to subsurface of the Hadfield steel subjected to explosive hardening, the width of the samples before and after explosive deformation was measured using micrometers layer by layer. And then the relationship between deformation and depth of subsurface was worked out, as shown in Fig. 2 . One can see that the maximum macro-deformation of the exploded Hadfield steel sample is only about 10% although the deformed layer is up to 35 mm depth. However, static compression test results show that the hardness of Hadfield steel compressed with 10% reduction is only ~29 HRC. It indicates that the work hardening mechanism of explosive deformation is apparently different from that of general static deformation.
The optical macrograph of the Hadfield steel subjected to explosive hardening is shown in Fig. 3 . Deformation bands were observed up to a depth of 10 mm, and the density of deformation bands decreased gradiently from the surface to the deep layer. There also exhibits a mass of crossed deformation bands inside austenite grains in the surface of the exploded Hadfield steel. In comparison, hardly any deformation bands can be found in the austenitic grains within the depth range of 10-35 mm. This microstructural character is consistent with the hardness distribution of the hardened layer, i.e. the work-hardening degree is higher in the region with deformation bands (see Fig. 2 ). In addition, although adiabatic shearing bands appeared in other materials after explosive treatment, they were not observed in this Hadfield steel because of its high toughness and excellent plastic deformation ability. Figure 4 shows the typical TEM microstructures of Hadfield steel subjected to explosive hardening at different depths. One can see that twins begin to appear at the depth of 10 mm, and their density increased with decreasing depth from the explosive surface, and high density intersected deformation twins were observed at the depth of 5 mm in the subsurface layer. It is noted that the intersectant twins contained high density dislocations, indicating the dislocation and twins form in a competitive way during explosive hardening. The microstructure at the depth of 15 mm is dominantly composed of dislocations and dislocation walls in homogeneous distribution in the austenitic grain, which contribute little to work hardening of Hadfield steel relative to piled and tangled dislocations. Twins were not detected by extensive TEM observations in this region of the sample, as shown in Fig. 4(c) .
TEM analysis shows that the microstructure of Hadfield steel after static compression changes from dislocation to twin under the deformation more than 13%, and twin density increases with the deformation degree increasing. It indicates that the minimum deformation threshold for twin formation in Hadfield steel subjected to static compressing is , it can be seen that twin formed in the exploded Hadfield steel when the macro deformation was just about 4%, which is significantly less than the deformation threshold for twin formation under static compression. It suggests that twinning is the main deformation mode in the exploded Hadfield steel under higher strain-rate condition. In the meantime, the TEM results demonstrated that the deformation bands in Fig. 3 represent the macro-behavior of the microcosmic twins. According to previous results, a moving dislocation may dissipate energy by various mechanisms, several mechanisms involve energy dissipation of a linear viscous nature, and of these the one which appears to give the largest resistance is that of phonon viscosity.
18) The rate sensitivity of steels has been found to increase markedly at strain rates exceeding about 5×10 3 s -1 . This is believed to be due to viscous resistance to dislocation motioning, which becomes rate-controlling under these conditions. It is shown that the observed macroscopic viscosity is consistent with that expected from the theory of the damping of dislocation motioning by phonon viscosity. At this time, twinning was mainly observed in steels which had been sheared to fracture it is unlikely to contribute significantly to the deformation. 19) In this study the strain rate exceeds 10 5 s -1 , so there are lots of twins in the explosive hardened layer. The deformation twins exhibited an enhanced work hardening ability compared with dislocations. This is because it is difficult for the dislocations to penetrate the twin boundaries and the interaction between the twin boundaries and dislocations enhanced the work hardening of the Hadfield steel. 20) So it may be noted that the additional work hardening caused by twinning would be expected to increase the work hardening of the Hadfield steel subjected to the explosive treatment.
Conclusions
The Hadfield steel crossing treated by explosive hardening exhibited a low sinkage but a significant increase in hardness. The hardness distribution showed that there is an intense work hardening region in the surface layer and a gentle work hardening region in the subsurface layer. Under explosive (higher strain-rate) deformation, the minimum deformation threshold (about 4%) for twin formation in Hadfield steel is significantly less than that under static compression (about 13%). The plastic deformation of Hadfield steel during explosive hardening occurs in slipping and twinning modes simultaneously. Dislocations and twins form in a competitive way during explosive hardening. It is therefore concluded that the deformation twinning is responsible for the additional hardening of the Hadfield steel crossing.
